INTRODUCTION
Electric Current Computed Tomography (ECCT) is a technique for producing images of the electrical resistivity profile within a body from measurements made on the body's exterior. To make these measurements, an array of electrodes is attached to the surface of the body. Sets of current patterns are applied through these electrodes and the voltages needed to maintain these specified currents are measured and recorded. These applied currents and measured voltages are then used in a reconstruction algorithm to produce images that represent approximations to the electrical resistivity distribution in the interior of the body.
The work in this paper was based on the experience of medical ECCT imaging work performed at Rensselaer Polytechnic Institute by D. G. Gisser, D. Isaacson, and J.C. Newell [1, 2, 3] . To test this method for medical imaging applications, the researchers at Rensselaer have built a two-dimensional model of the human thorax. The test apparatus consists of a hard plastic cylindrical container 30 em in diameter and 6.5 em in height. The container is filled with a saline solution and the boundary contains 32 electrodes. 32 ac current generators are used with a maximum output of 5 rnA and a frequency range of 12 to 15 kHz; the resulting electrode voltages are in the hundreds of millivolts. A test apparatus based on the insights of this original system has been used to create low resolution pictures of a human's respiration. The medical applications for ECCT include monitoring central ventricular hemorrhaging, lung and heart volumes and the detection of soft tissue lesions [4] .
The research at GE Corporate Research and Development centers on the use of ECCT to detect, characterize, and image defects inside of metals. This interest stems from experience with another electrical monitoring technique, the reversing de electric potential method. This technique has been developed by L.F. Coffin, T.A. Prater, W.R. Catlin and others at GE/CRD for measuring crack growth in standardized test specimens and pipes during stress corrosion cracking and fatigue testing [5, 6, 7] . This method involves measuring the potential drop between locations on a specimen while passing de current through the metal. The potential measures the changes in the resistance of the specimen between the probes, which increases as the crack propagates through the cross section of the material. The voltage signal across the crack is compared with the signal from a reference probe, located on the specimen away from the crack zone, to provide a measure of crack growth. During the test, the polarity of the de current is alternated while the voltages are averaged to eliminate the effect of any thermally induced electric potentials. The shortcomings of this method are that crack location and orientation must be known for correct placement of the potential probes, and a crack geometry must be known or assumed to relate the potential drop to crack growth.
The objective of the work on ECCf at GE is to apply and extend the theories and techniques developed by the biomedical researchers at Rensselaer to the imaging of defects in metal objects. This work is a natural extension of experience with the electric potential methods noted above. These images should extend our ability to detect, evaluate, and monitor defects in metals by providing information about defect location, orientation, and approximate geometry. This paper provides an introduction to the mathematical theories behind ECCf and a brief description of the test apparatus developed at GE for the initial studies of ECCf. The resistivity approximation images from two different reconstruction algorithms will be presented and compared. A brief discussion of future directions for research will follow.
MATHEMATICAL THEORY Resistivity Function
ECCf involves the application of electric currents to the boundary of a body and the measurement of the resulting external voltage distribution. From these applied currents and measured voltages, an approximation to the resistivity distribution in the interior of the body is made. To make these electrical measurements on the body's surface, an array of electrodes is attached to the surface and the currents are applied and voltages measured at these electrodes. A test consists of sequentially applying a set of current patterns to the electrodes and measuring the required electrode voltages during each of these patterns. From this information, an approximation to the resistivity distribution in the body is to be made.
These applied currents and measured voltages are related by the function p(p) that represents the resistivity of the body at every internal point p. Since the currents are applied at discrete points (electrodes) on the surface, there is only a finite number of unique, orthogonal current patterns that can be applied to the body; all other patterns can be expressed as a linear combination of these orthogonal patterns. For a fixed number of electrodes L, there are L -l orthogonal current patterns possible. With this finite number of current/voltage patterns, an infinite number of continuous resistivity functions p(p) exist that can relate the voltages to the currents. To find a unique and meaningful resistivity function, the number of degrees-of-freedom in the problem is limited by dividing the body into N regions of constant resistance Pn. For a system with L boundary electrodes with L -1 applied current patterns, the maximum value ofN isL (L-l)/2. The new piecewise constant resistivity function can be defined by finding the most accurate values of Pn.
The problem of calculating a resistivity approximation is now reduced to finding the Pn values that best represent the actual body. One approach to solving this problem is to create a model that predicts the electrode voltages for a given piecewise constant resistivity distribution. With the assumption of a resistivity distribution, the electrode voltages can be calculated by the model and then these predicted voltage can be compared to the actual measured voltages.
The voltage that is measured on the surface of the ith electrode during the application of the kth current pattern is expressed as vf. By using some analytical model for the body and an assumption for the body's internal resistivity, a set of predicted electrode voltages can be calculated, where u'/ is the ith electrode voltage predicted for the kth current pattern.
Using these definitions, an expression can be written to represent the difference between these predicted and measured voltages. If a least squares approach is used, then this voltage error is (1) For an accurate analytical model, this error would approach zero as the approximated resistivity distribution used in the model approached the body's resistivity p(p ). Given this measure of voltage error for an assumed resistivity distribution, a method can be identified to make an improvement on the resistivity assumption that minimizes this voltage error.
Newlon's_Method
One technique for minimizing the predicted-measured voltage error is a modified Newton's method. This method is used to find the resistivity approximation p that yields the minimum voltage error. The modified Newton's method is expressed or (2) where pi is the current resistivity approximation, pi+ 1 is the improved approximation and a is a parameter that is chosen so that the error for the voltages predicted by/ +l is minimum. The first derivative term Fn (p) and the second derivative term DFnm (p) are related toE (p) by
To avoid the substantial computational efffort required to calculate the second derivative terms, DFm, in the above equation is approximated by where 1 is a parameter that can be adjusted to minimize the voltage error for pi+ 1 .
Reconstwction Algru:ithms
The single-step reconstruction algorithm is so named because only a single step of a Newton's method is made [8, 9] . The analytical model used in this algorithm in very simple and can only predict the electrode voltages for bodies with a uniform electrical resistance.
The program first uses the applied current and measured voltage data to calculate the constant resistivity value that best represents the actual body. Using the analytical model and Newton's method, the algorithm calculates a non-uniform resistivity distribution that decreases the predicted-measured voltage error. Once this approximation is made, no further improvements are possible because of the model's inability to predict electrode voltages for non-uniform resistivities. This algorithm was used because of its ease of implementation and computational efficiency. Images made with this algorithm are provided in the results section.
Once an initial approximation to the body's resistivity is made, it would be desirable to have a method for making further improvements on the solution. A finite element model was developed to predict electrode voltages for resistivity distribution that are non-uniform [10] . This model can therefore take the approximation from the single-step algorithm and make additional improvements. The process can be performed multiple times to yield a significant decrease in the predicted-measured voltage error. This algorithm provides measurable improvements in image resolution, but has a computational cost significantly higher than the single-step algorithm. Two examples that indicate the image improvements possible with this multistep algorithm are provided in the results section.
Electrode Modeling
One additional improvement between the single-and multistep reconstruction algorithms is the improvement in modeling the interaction between the body surface and the electrodes. These models equate the applied electrode currents and measured electrode voltages to the current density and voltage distribution that the surface of the body actually experiences. The single-step algorithm assumes that the current density on the body surface is uniform over each electrode and zero in the gaps between the electrodes. The predicted electrode voltage measurement is taken to be the value of the surface voltage at the midpoint of each electrode. This model, referred to by D. Isaacson, et al. [8] as the GAP model, is only a first approximation for the test apparatus described in the following section.
Using the results from a study of the actual electrode behavior, the multistep finite element model incorporates an electrode model that is far improved. This model assumes that since the electrode material used is much more conductive than the body (by a factor of thirty), the electrode material can not support a significant voltage differential and is therefore at a uniform potential. The only required constraint on the applied currents is that the sum of the current density over the area of the electrode/body interface is equal to the total current applied to the electrode. In addition, the model assumes that a surface resistance is present between the electrode and the body surface. This resistance yields a voltage drop between the surface and the electrode that is proportional to the surface current density. This model, to be referred to as the Shunt Plus Contact Resistance model, is far superior at representing the electrode behavior for the ECCf test apparatus constructed at GE.
TEST APPARATUS
At GE Corporate Research and Development, the primary interest in ECCf techniques is for the imaging of defects in metallic bodies. For our initial study, we desired a system design that would allow us to look at a variety of defect geometries and orientations in a two-dimensional geometry. For convenience, a tank of mercury, 7.0 em in diameter and 0.64 em deep, has been used to represent a metallic body. The boundary of the tank contains 32 copper electrodes; currents are applied and voltages are measured on the back of these electrodes. Defects are simulated by inserting plexiglass cylinders into the mercury bath. Two geometries have been examined at GE. The first geometry is the solid cylinder geometry that is similar to the thorax model used at Rensselaer. The second is a pipe geometry that was created by inserting a smaller plexiglass cylinder into the tank to yield a pipe shape with a wall thickness of 1.27 em.
As noted above, our 32 electrode system allows for the application of 31 orthogonal current patterns. A test consists of sequentially applying these current patterns and measuring the resulting voltage on each electrode during each of the current patterns. An IBM/ AT with an IEEE interface card is used to control the operational amplifiers that supply the electrode currents, and to communicate with the HP digital voltmeter and multiplexer that are used for voltage measurement. The first data acquisition unit was designed to operate with 12 bits of data; including a sign bit, this implies a current or voltage error of one-tenth of one percent (0.1% ).
For each current pattern, the 31 operational amplifiers are set to within 1 rnA of their signal (maximum value of2 A). These currents are applied to the electrodes on the boundary of the tank, while the 32nd electrode is connected to ground and acts as a current source/sink. The voltages on each electrode are measured with the digital voltmeter a number of times (ten times for the images provided in this paper) and are averaged to improve the data resolution. The maximum voltage signal for the present system is 1.5 m V for the solid cylindrical geometry. A top plate on the tank helps assure a constant mercury level throughout the series of tests. A picture of the tank used in these experiments is shown in Figure 1 .
RESULTS
This section presents a portion of the images made with the described two-dimensional test apparatus for simulated defects in a mercury bath. All the test data (applied currents and The graphic displays shown were made by setting the color of the highest resistance element equal to white, the lowest equal to black, and using a linear scale to display the remainder of the elements [11] .
Sin gl.e.Dbj.ec.ts Figures 2 and 3 are the images made by inserting a 1.3-cm diameter cylinder into the tank approximately halfway between the center and the boundary. This object has a diameter 18% of the tank diameter of 7.0 em. The two images were made with the single-step reconstruction algorithm. Figure 2 is the direct image made by inserting the target into the tank, applying currents and measuring voltages, and reconstructing an approximation to the tank's resistivity. Figure 3 is a differenced image that is made by creating one image with the object in the tank (the direct image), creating another image without any objects in the tank, and taking the difference of these two images. These figures illustrate that the object can be distinguished in the image without differencing, but with some difficulty. The differencing is required for the single-step images because of the inaccuracies in the electrode modeling. In the first image, the targets are separated in the tank by 90°; in the second, the separation is decreased to 45°. Although two objects can easily be distinguished in the first image, the second image does not indicate that multiple objects are present. Close examination of the resistivity approximation yields some indication of multiple targets, but any indication is lost when the image is displayed on the gray scale.
Figures 8 through 10 were made with the two targets separated by 45°. The multistep algorithm was used, and the images shown are from the first three iterations method. In the first image, only one target is indicated, just like the single-step image. But by the third iteration, the image begins to indicate the presence of two distinct targets. Using the same test data as Figure 7 , this advanced algorithm can distinguish the presence of multiple targets. This example shows how the multistep approach can yield significant improvements in image resolution and quality. The final two figures, Figures 11 and 12 , were made for the pipe geometry with a 7.0-cm diameter and a 1.3-cm wall. Only the single-step algorithm has been implemented for this geometry. These images are differenced images, since the inaccuracies in the GAP electrode model are so great that no visual information is contained in the direct images of pipe geometries. The images are of a 0.32-cm diameter target (25% of wall thickness) and a 0.21-cm diameter target ( 17%) placed against the inner wall of the pipe. Both of these images display good defect location information, but size, shape, and geometry information cannot be obtained. Future work is planneq to begin correlating the pipe defect size and orientation to the magnitude of the image signal. It is hoped that this approach will help enhance the ability of ECCT to fully characterize defects in metallic solids. 
CONCLUSION
This paper has provided a brief introduction to the ECCf techniques and the work being performed at GE Corporate Research and Development to apply these techniques to the imaging of defect in metals. A set of images has been provided using two different reconstruction algorithms. The single-step reconstruction algorithm can provide an approximation to the resistivity distribution in the interior of a body from electrical measurements made on the exterior. The implementation of a multistep algorithm has provided measurable improvements in image quality. Additional modifications to this algorithm are planned to allow the program to reconstruct not only the interior resistance but the contact resistance. This ability will be extremely important when this technique is applied to actual structures with finite and varying electrode contact resistances. The researchers at Rensselaer have developed adaptive techniques [3] that optimize the applied current patterns to maximize the voltage signal obtained from the defect in a body. These algorithms will be incorporated into future versions of the test software, and their advantages will be quantified.
